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Stimulation of Polariton Photoluminescence in Semiconductor Microcavity
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Photoluminescence at low temperature is studied for a CdTe-based microcavity tuned to reson
with a quantum well exciton. Two distinct stimulation effects are observed with increasing excitat
The first one is associated with the lower polariton state in the strong exciton-photon coupling reg
This effect, whose physical origin has not yet been identified, could be favored by the higher stab
of exciton in CdTe. The second stimulation, obtained for much higher excitation, can be assigne
the electron-hole plasma in the weak coupling regime. [S0031-9007(98)07578-4]
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Optical properties of semiconductor microcavities hav
attracted new interests since the observation of the stro
coupling regime by Weisbuchet al. [1]. This regime is re-
alized when the coupling between the exciton confined
quantum wells and the photon mode confined in the cav
exceeds their own damping and lifetime. Experimentall
the strong coupling regime is most easily demonstrated
the anticrossing behavior exhibited by the exciton and t
cavity mode when they are brought into resonance. The
sulting coupled exciton-photon system is considered as
ing cavity polaritons in analogy to bulk excitonic polariton
[2]. Basic physical properties of cavity polaritons hav
been investigated in III-V semiconductor microcavitie
[3–8], and recently in II-VI semiconductor microcavitie
as well [9–11]. One of the recent issues is the beha
ior of cavity polaritons in the nonlinear excitation regim
[12–19]. It is well known that excitons could be ionize
under high carrier injection, and thus the microcavity sy
tem should switch to the weak coupling regime when i
creasing the carrier density. Indeed, current vertical cav
surface emitting lasers operate by population inversion
the electron-hole plasma in the weak coupling regime. O
the other hand, stimulation of polaritons is theoretical
expected in any scattering process involving these qua
particles due to their bosonic character [20]. Howeve
careful spectroscopic measurements in GaAs-based mic
cavities show no evidence of polariton stimulation since a
observed optical nonlinearities with thresholdlike beha
iors could be explained in terms of electron-hole correl
tions in the weak coupling regime [15–17].

As exciton ionization seems to be the limiting facto
II-VI wide bandgap semiconductor microcavities appe
to be better candidates for the observation of polarit
stimulation. For example, the stability of excitons i
ZnSe quantum wells is enhanced due to their smal
Bohr radius, and their active role in stimulated emissio
is often needed to explain gain measurements [21,2
Recently photoluminescence (PL) of ZnSe- and CdT
based microcavities has also been investigated in
nonlinear excitation regime [18,19]. In both studies, th
cavity photon mode is at lower energy than the quantu
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well exciton so that the emitting polariton state is most
photonlike (2y3 photon and1y3 exciton in [19]). For
high enough excitation a stimulated emission is observ
shifted to the blue with respect to the spontaneo
emission by about 2 and 0.3 meV for the ZnSe a
CdTe microcavity, respectively. According to the author
this small shift is evidence that the microcavity is sti
in the strong coupling regime. This conclusion is o
particular interest, not only from the theoretical point o
view but also for device application prospects. In th
paper, the fundamental issue of polariton stimulation
reexamined under new experimental conditions. Notici
that the usual lasing action in the weak coupling regim
of microcavities always takes place at the photonli
mode, it is decided to measure the PL for exact tuni
of cavity photon mode and quantum well exciton. Th
ensures that the polariton states under study are h
excitonlike and half photonlike. Moreover, a CdTe-bas
microcavity optimized for a high splitting-to-linewidth
ratio (about 8.5) is used for a better distinction betwe
the strong and weak coupling regimes. Under the
experimental conditions, it is unambiguously shown th
polariton PL can be stimulated for moderate excitatio
at low temperature. For higher excitation densities, o
observes a shift of the PL line exactly equal to half of th
Rabi splitting and the subsequent stimulated emission
the electron-hole plasma in the weak coupling regime.

The sample used in this work is grown by molecul
beam epitaxy (MBE) on aCd0.88Zn0.12Te substrate.
It consists of sixteen CdTe quantum wells in a2l

Cd0.80Mn0.20Te cavity. The quantum wells, 50 Å
thick separated by 70 Å ofCd0.80Mn0.20Te barriers,
are arranged in three groups of four and two groups
two at the antinodes of the cavity standing wave. T
top and bottom cavity mirrors are distributed Brag
reflectors made of thirteen and eighteen pairs ofly4
Cd0.75Mn0.25TeyCd0.40Mg0.60Te layers, respectively.
The maximum reflectivity in the stop band is estimated
be about 0.95. The sample is cooled down to 4.2 K f
optical measurements. PL is measured by nonreson
excitation into the band-to-band continuum of quantu
© 1998 The American Physical Society
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(b)
wells at about 1.8 eV (above the reflectivity stop band
The excitation source is a dye laser pumped by a frequen
doubled Nd:YAG laser that delivers 5 ns pulses at a rep
tition rate of 10 Hz. In order to obtain a homogeneou
excitation spot, the dye laser beam is first expanded a
then only a small area in its center part (1:100) is select
and focused to a spot of about30 mm diameter on the
sample. The pulse energy can be varied up to1 mJ
corresponding to a maximum excitation density of abo
20 MWycm2. Reflectivity and PL measurements are
analyzed with a Jobin-Yvon THR-1000 monochromato
equipped with a charge-coupled device (CCD) detector.

Figure 1(a) shows the reflectivity spectrum of the m
crocavity for zero detuning, i.e., when the cavity mod
is resonant with the 1 s ground state of the heavy-ho
exciton in quantum wells. The upper and lower po
lariton states are well resolved (FWHMø 2.7 meV) at
1681.6 and 1658.7 meV, respectively. The measured R
splitting of about 23 meV is consistent with an exciton
oscillator strengthf ø 2.3 3 1013 cm22 [10] and an es-
timated effective number of quantum wellsneff ø 14. At
room temperature, this microcavity is still operating in th
strong coupling regime but with a Rabi splitting reduced t
about 17 meV because of LO phonon scattering [3]. Fig

FIG. 1. Optical measurements at 4.2 K and for zero detunin
(a) Reflectivity spectrum. (b) PL spectra for a range o
excitation densities. The excitation is at 1.8 eV. All spectra a
normalized to the corresponding excitation densities (see tex
The A line is stimulated PL associated with the lower polarito
state in the strong exciton-photon coupling regime. (c) Sam
as in (b). TheB line corresponds to the stimulated emission o
electron-hole plasma in the weak coupling regime.
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ures 1(b) and 1(c) show PL spectra of the microcavity
zero detuning, as a function of the excitation density. F
low excitations, the spectrum consists of a single line
1659.7 meV that can be assigned to the spontaneous e
sion from the lower polariton. Its width is about the sam
as in the reflectivity spectrum. No emission from the upp
polariton is observed at low temperatures due to therm
ization effects. With increasing excitations the PL exhib
successively two thresholdlike behaviors, the first one
curring at40 kW/cm2 and the second one at10 MWycm2

(see Fig. 2). The fact that there are 2 orders of mag
tude between the two threshold values clearly indica
that their physical mechanisms should be different. No
that PL spectra displayed in Figs. 1(b) and 1(c) are n
malized to the corresponding excitation densities. Thus
superlinear (sublinear) dependence of PL intensity on ex
tation should give an increase (decrease) of the normali
spectra.

Let us describe first the low threshold nonlinearities. A
shown in Fig. 1(b), the lower polariton emission increas
linearly with excitations up to about40 kWycm2 since its
normalized PL remains unchanged. Then for a furth
increase of excitation a new line, labeledA, emerges
from the high-energy shoulder of the lower polariton lin
(we have carefully checked that similar nonlinearities a
obtained also for exciton-photon detunings in the ran
65 meV). The sharpness of the line (FWHMø 0.8 meV
as compared to the bare cavity FWHMø 4 meV) and
its sudden appearance resemble the onset of stimul
emission. However, the most remarkable feature is
spectral position of this line with respect to that expect
in the case of transition to the weak coupling regime. F

FIG. 2. Integrated PL intensity at 4.2 K, as a function
excitation density. Excitation is at 1.8 eV. Solid squares a
experimental data. The dotted line is only a guide for the ey
Onsets of excitation density effects as observed in Figs. 1
and 1(c) are indicated.
3921
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zero detuning the bare cavity mode and the bare quant
well exciton are expected at 1670 meV that is well abov
the position of theA line at 1661.4 meV. This clearly
shows that the observed PL stimulation actually occurs
the strong exciton-photon coupling regime.

Figure 1(c) shows PL spectra under higher excit
tion conditions. Starting from40 kWycm2, the A emis-
sion line increases linearly with excitations up to abou
150 kWycm2, without any change in its width and in
its position. Then for higher excitations up to abou
1 MWycm2 it broadens continuously and slightly shifts
to the blue (by less than 1 meV). For still higher excita
tions another line, labeledB, appears on the high-energy
shoulder of theA line. It shifts to the blue at the final
position at 1670 meV that corresponds exactly to the ba
cavity mode (that is also the bare quantum well excito
for zero detuning). Now excitons are completely ionize
and the microcavity system is switched to the weak co
pling regime. Stimulation at the cavity photon mode (B
line) is observed for a threshold of about10 MWycm2

(see Fig. 2) and a linewidth FWHMø 2.5 meV, that is
about half of the bare cavity width. At the highest excita
tions, the PL intensity eventually decreases, maybe due
heating effects. As in GaAs microcavities [15–17] simu
lation in the weak coupling regime proceeds via popul
tion inversion of the electron-hole plasma. In Fig. 1(c),
detailed examination shows that theB line coexists with
the A line for a certain range of excitations. This is no
fully understood for the moment, and the first explanatio
that comes into mind is a nonuniform distribution of exci
tation energy over the pump spot. Then theB line would
be emitted by the part of the pump spot with the highe
energy density (probably the spot center) and theA line
by the part with the lowest density (spot edge).

The experimental data clearly show that the low thres
old optical nonlinearities are related to the lower polarito
state in the strong exciton-photon coupling regime, co
firming the early report in Ref. [19]. They cannot be du
to the absorption bleaching phenomenon discussed in [1
because the lower polariton state is not in resonance w
any excited state. However, partial saturation of excito
states can result in photon stimulation and bring abo
conventional lasing if the microcavity losses (mainl
mirror losses) are small enough. In CdTe-based micr
cavities, mirror losses amount to more than 5%. Thus t
minimum gain per pass per quantum well needed for co
ventional lasing would be 0.3% for our 16-quantum-we
microcavity and 2.5% for the 2-quantum-well microcavit
of Ref. [19]. These gain values are rather high an
would imply significant reduction of the exciton oscillato
strength, especially for the 2–quantum-well microcavity
If the strong coupling regime is not destroyed yet the
one would expect a relative decrease of the Rabi splittin
stronger for the 2-quantum-well microcavity than for th
16-quantum-well microcavity. Actually a blueshift is
observed for the lower polariton state in the nonlinea
excitation regime: 0.3 meV for the 2-quantum-we
3922
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microcavity (as compared to 3.8 meV for a comple
exciton saturation, Fig. 1 in [19]) and 1.7 meV for th
16-quantum-well one [as compared to 11.5 me
Fig. 1(b)]. If this blueshift is due solely to a variation
of the exciton oscillator strength, it is not consiste
with the exciton saturation mechanism. Another possib
explanation is stimulation of cavity polaritons as recent
proposed by Imamogluet al. [20]. They theoretically
show that a strong enhancement of the lowest polari
population can be obtained by relaxation scattering w
phonons when the exciton reservoir occupancy exce
that of the phonons. Since this kind of stimulatio
effect is a direct consequence of the bosonic characte
polaritons, it is to be expected also with other exciton
scatterings, e.g., exciton-exciton interaction.

In any case, the key parameter for stimulation in th
strong coupling regime is the degree of exciton stab
ity under high excitation conditions, which is strongl
in favor of wide bandgap semiconductors. For examp
the saturation density of excitonic resonance (i.e., t
density for which the oscillator strength is divided by
factor of 2) is typicallyNs , 4.3 3 1010 cm22 in 75 Å
InGaAs quantum wells [12] and, 6.6 3 1010 cm22 in
76 Å GaAs quantum wells [13] for exciton binding en
ergiesE , 10 meV and Bohr radiia , 130 Å. These
values of Ns are probably below the density require
for polariton stimulation since no such effect is observ
in GaAs-based microcavities [15–17]. In ZnSe qua
tum wells, excitonic effects are much stronger, yieldin
binding energies as high asE , 40 meV [22]. Conse-
quently, the exciton Bohr radius is very smalla , 25 Å
which results in an exciton saturation density in the ran
of 1012 cm22. Recently, stimulated emission associate
with the photonlike mode has been studied in a ZnS
based microcavity [18]. Although the stimulation mech
anism is not clearly identified, gain spectroscopy sho
that excitons are not completely ionized at a thresho
density of about2 3 1012 cm22. To our knowledge, the
saturation density has not been measured in CdTe qu
tum wells. To have an estimate, we use the theory
Schmitt-Rink et al. [23], assuming that the steady elec
tronic state is formed by excitons (see below). Then t
saturation densityNs is given byNspa2 , 0.117, where
a is a 3D effective Bohr radius which roughly follows
the relationEa , const [23]. From exciton bulk values
(binding energyE , 10 meV, Bohr radiusa , 70 Å)
and the measured valueE ­ 25 meV in our 50 Å quan-
tum wells [10] we deducea , 28 Å. This gives a satura-
tion exciton densityNs , 4.8 3 1011 cm22, which seems
reasonable in regards to GaAs and ZnSe. Unfortunate
the direct comparison ofNs to the exciton density at
threshold is made difficult by the use of nonresonant ex
tation in our measurements. Electron-hole pairs are c
ated by 1.8 eV excitation that is about 140 meV abo
polariton states. Scatterings between carriers and w
(optical) phonons result in fast thermalization and fo
mation of excitons by the bimolecular process. At hig



VOLUME 81, NUMBER 18 P H Y S I C A L R E V I E W L E T T E R S 2 NOVEMBER 1998

d

nd

to,

,

s.
i,
ys.

B

,

,

y,
d

nd

nd

,

,
tt.

é,

s.

.

.

n.

ni,

,
d-

d

excitations, thermalization between carriers and exciton
is further accelerated by carrier-exciton scatterings an
their relative populations can be estimated from the actio
mass law [24]. The electronic temperature in our quan
tum wells is not known, but because of the large excito
binding energyE ­ 25 meV and the high excitation con-
ditions, the exciton population is probably dominant a
4.2 K: For example, an electronic temperature as hig
as 60 K would yield a population of 90% of excitons af-
ter an initial excitation of1010 cm22 electron-hold pairs.
Therefore, we assume in the following that only exciton
are present after thermalization and relaxation. These e
citons with large in-plane wave vectorsk are not coupled
to the normal cavity mode, and significant radiative losse
as high as 90%, can result from their coupling to leak
photon modes [7]. Finally, a small fraction of the initial
pairs will relax to the radiative polariton statessk ­ 0d
through the bottleneck region which separates excito
in the weak coupling region from those in the strong
coupling region [7,25]. Neglecting nonradiative losse
and assuming radiative losses of 90% via leaky mode
the exciton density at threshold is estimated as follow
About half of the excitation intensity goes into the sampl
and 3% of it is absorbed into each quantum well con
tinuum. Taking 140 ps for the exciton lifetime [26] we
obtain an exciton density of about2.9 3 1010 cm22 at
40 kWycm2, which is well below the estimated saturation
densityNs , 4.8 3 1011 cm22.

In conclusion, it is unambiguously shown that PL
of the lower polariton state can be stimulated at low
temperatures in CdTe-based microcavities. This nov
effect in the strong exciton-photon coupling regime i
confirmed by the observation of transition to the wea
coupling regime at much higher excitations. It is mad
possible by the higher stability of excitons in CdTe
quantum wells and should be even more favored in wid
bandgap semiconductors such as ZnSe or GaN. Howev
its physical origin is not identified yet. It could be due
to conventional lasing induced by partial saturation o
exciton states or to direct stimulation of polariton state
via exciton-phonon scattering as discussed by Imamog
et al. [20]. The dependence of stimulation conditions on
the temperature, the exciton-photon detuning, and th
number of quantum wells in the microcavity is currently
being investigated in order to clarify this issue.
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